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Introduction 58
The physic nut (Jatropha curcas L.) is a woody-shrub species belonging to the 59 Euphorbiaceae family. Its true centre of origin is unknown, but studies indicate that the 60 species is native to Central and South America [1] . In recent years, this species has been 61 researched for exploitation of the commercial biodiesel production [2, 3] . J. curcas is easily 62 propagated and has a short period of growth until the first fruit harvest [4] , low seed cost [2] , 63 high oil content (40-58%) [5, 6] , and good adaptation to different agroclimatic conditions [7-64 9], thus contributing to the wide geographical distribution of the plant, which is present in 65 practically all the intertropical regions of the world [9, 10] . The physiological characteristics 66 of the species, associated with its economic potential, can transform J. curcas into an 67 alternative biofuel plant for arid and semiarid regions [11] . However, the scarcity of rainfall 68 and the high evaporative demand of these regions induce a high concentration of salts in the 69 soils, a situation that is exacerbated by the use of brackish water for irrigation [12] . 70
It is known that the high concentration of salts in the soil solution represent a stress 71 factor for plants [13] related to the action of the ions in the cytosol and the reduction of the 72 osmotic potential [14] , causing osmotically retained of water in the saline solution, decreasing 73 the water availability for plants [15] . Salinity stress (i.e., salinity shock or salinity for a 74 moderate to long time) causes various effects on the plant, such as (i) limiting plant growth 75 [16] [17] [18] , (ii) a stomatal closure [15] , (iii) a reduction in root and stomata conductivity [19] , 76 (iv) an increase in succulence and leaf thickness [18, 19] , (v) a foliar injury and abscission 77
[20] and (vi) a reduction in net photosynthesis [17, 18] ; factors that strongly reduce the 78 productivity of the cultivated plants and have a greater effect than any other phenomenon [14, 79 21 ]. Salinity shock is usually more intense and leads to abrupt changes in plant physiology, 80 causing phenotypic changes that may or may not be apparent. Phytoene synthase (psy) and 81 phytoene desaturase (pds), genes closely related to the carotenoid synthesis, are reported to 82 decrease under salinity up-shock, leading to a decrease in carotenoid synthesis or chlorosis 83 [22] in the leaves. It is very likely that if the chlorophyll synthesis is affected, all the pathways 84 that depend on it are also decreased. These include gas exchange, growth and development 85 and foliar expansion, and physiological and morphological features. Salinity shock controls 86 their overall metabolic activity and directs it towards adaptation to the imposed stress. The 87 adapted plants could manage stress totally or partially, while non-adapted plants will escape 88 stress or die. The adaptability of the species studied to the effects of salinity shock has 89 resulted in low variation in their water content, which dependes primarily on their ability for 90 internal osmoregulation [15] . 91 4 The performance of J. curcas under salt stress has been the target of several 92 physiological studies. However anatomy studies of this species have rarely been performed. 93
Many researchers consider J. curcas to be a species sensitive to salinity [14, 15] , while others 94 classify it as moderately tolerant to salt stress [13] . Another researchers considers J. curcas to 95 be a halophyte-like plant [23] . Such contrasting results can be explained by the fact that J. 96 curcas is still in the domestication stage [24] . Several studies that examined the genetic 97 variability of the species have been developed in the last few years [1, 3, 25] , providing 98 promising results that interact to generate more productive cultivars that are more closely 99 adapted to the regional edaphoclimatic conditions, thus consolidating the species as an 100 alternative for biodiesel production [10, 13] . This study aimed to study the morphological, 101 anatomical and ultrastructural features affected by the salinity shock in three J. curcas 102 genotypes, how the genotypes perceives salinity shock and how recovery occurs after the 103 alleviation of saline conditions, mimicking what can happen in nature in commercial 104 plantations irrigated with brackish water. 105
106

Material and Methods 107
Study site, plant material and salt stress input 108
The experiment was carried out in a greenhouse at Federal University of Pernambuco 109 (8º02'60"S, 34º56'52"W, 18 m a.s.l). After previous studies of germination, growth and gas 110 exchange under salinity, three genotypes from different regions of Brazil (Table 1) with 111 contrasting responses to salinity were selected: CNPAE183, JCAL171 and CNPAE218; 112 these genotypes are tolerant, moderately tolerant and sensitive to salinity, respectively 113 (Corte-Real, N.; manuscript in preparation). Seeds of these three genotypes were germinated 114 until the cotyledons opened in trays with a 5 L capacity that containing washed river sand. 115
After that, the seedlings were individually transplanted into 9 L pots containing washed river 116 sand and irrigated every two days with 50% Hoagland solution [26], where they remained 117 for 15 days for acclimatization. Subsequently, the nutrient solution was replaced by 100% 118
Hoagland solution, and the plants remained in this condition for three months when they 119 reached a suitable height for the start of the experiment (time 0 hour). From this moment, the 120 salinity shock treatment began. The seedlings were watered at approximately 7:00 am, with 121 800 mL of 100% Hoagland solution plus 750 mM L -1 of NaCl, corresponding to 47 dS m -1 of 122 electrical conductivity. After the stress-promotion time (i.e., 50 hours), the soil was 123 thoroughly washed with distilled water to remove the salinity from the soil solution (i.e., soil 124 with electrical conductivity Silver Spring, MD, USA). In each leaves, 40 discs (~1.5 cm 2 ) were collected from random 166 points of the leaf surface in order to determine the specific leaf area (SLA), which was 167 calculated by the ratio between the leaf area and the leaf mass [32] . 168 169
Statistical analysis 170
The experimental design was completely randomized, with four replications and three 171 accessions. The results were submitted to a two-factor ANOVA and a Student-Newman-172
Keuls test (α = 5%). The analyses were performed using R programming language [33] . 173
174
Results 175
Morphoanatomical characterization of the J. curcas genotypes 176
The three genotypes evaluated (CNPAE183, JCAL171 and CNPAE218) demonstrated 177 petiolate and alternate leaves with simple or palm-shaped leaf morphology, containing 5 to 7 178 lobes each ( Supplementary Fig. 1 ). The architecture of the non-stressed plants demonstrated a 179 similar pattern, independent of the genotype evaluated; however, the development of the 180 plants grown under salinity shock was highly reduced, with the genotype CNPAE218 being 181 the most affected by salinity ( Supplementary Fig. 1 ). These findings became even more 182 pronounced after stress, since at this time, the plants that were under salinity, aborted a 183 significant portion of their leaves, although this was reversed with alleviation of the saline 184 conditions. CNPAE183 demonstrated as the fastest plant recovery, with the regrowth of new 185 leaves in a few days. All the plants submitted to salinity strongly reduced their final height by 186 ~20% when compared to the non-stressed plants, regardless of genotype. Genotype 187 CNPAE183 showed the highest unitary leaf area among the evaluated genotypes, i.e., 46% 188 higher than the JCAL171 genotype and 64% higher than the CNPAE218 genotype ( Fig. 1 ). 189
The specific leaf area (SLA) did not differ significantly between the genotypes and neither in 190 response to salinity shock. 191
192
Morphological characterization of the leaves under saline conditions 193
The morphoanatomy of J. curcas revealed the presence of a uniestratified epidermis, 194 with smooth and thin-walled cells with rounded contours and irregular shapes. The adaxial 195 surface of the epidermis was ~59% thicker than the abaxial surface ( Fig. 1 and Table 2 ) on 196 which a thin layer of wax is deposited. The thickness of the epidermis (adaxial and abaxial 197 surfaces) of genotype CNPAE183 was not affected by salinity shock. Alternatively, the 198 epidermis thickness, on both surfaces, of the JCAL171 and CNPAE218 genotypes was 199 reduced in the leaves after stress. In these genotypes, the epidermal thickness of the adaxial 200 surface decreased by 13.6% and 16.3%, respectively, while the reduction of the epidermal 201 thickness of the abaxial surface was decreased by ~16% in these two genotypes (Table 2) . 202 J. curcas leaves demonstrate a dorsiventral mesophyll arrangement, with a uniestratified 203 palisade parenchyma with elongated and compacted cells that face the adaxial surface and a 204 portion of spongy parenchyma, facing the abaxial surface, consisting of a superposition of 7 205 to 10 layers of cells of irregular and small compacted sizes, resulting in many intercellular 206 spaces with a large amount of drusen ( Fig. 1, red arrow) . Salinity shock caused a strong 207 increase in the thickness of the palisade (28.8%) and spongy (30.5%) mesophyll in the leaves 208 of the JCAL171 genotype; a higher increase was observed in the leaves following the 209 alleviation of the saline conditions, while this increase was slightly lower in the genotype 210 CNPAE218 (i.e., 8.1% and 15.9%, for palisade and spongy mesophyll, respectively). Unlike 211 the other genotypes, CNPAE183 tended to increase the thickness of the mesophyll during 212 stress, but this condition did not translate into the new leaves that emerged after the 213 alleviation of the saline condition (Table 2) . 214
The air spaces in the mesophyll were genotype-and treatment-dependent, since there 215 was interaction between these factors. The genotype CNPAE183 had fewer air spaces in the 216 mesophyll, demonstrating a reduction of the air spaces in the palisade and spongy 217 parenchyma of the 13% and 5%, respectively. JCAL171 demonstrated a reduction of the air 218 spaces in the palisade and spongy parenchyma of 38% and of 23.1%, respectively, and 219 genotype CNPAE218 demonstrated a decrease of 38% and 13% in the air spaces in the 220 palisade and spongy parenchyma, respectively. surface has a stomatal density 6 times higher than observed in the adaxial surfaces (Table 3 , 226 the regions close to the ribs. Genotype CNPAE183 was the only genotype evaluated that 229 showed a significant increase in the stomatal density in the leaves after salinity shock, both in 230 the adaxial (65%) and in the abaxial surfaces (23.4%). Even though, the stomatal density of 231 the abaxial surface was 6 times higher than that observed in the adaxial surface, the stomatal 232 area did not exhibit the same tendency. While the stomatal area of the abaxial surface was 233 ~9% smaller than the stomatal area of the adaxial surface in the genotype CNPAE183, in the 234 genotypes JCAL171 and CNPAE218, the stomata area of the abaxial surface was ~9.1% and 235 8.5% higher in the abaxial surface, respectively (Table 4 ). However, this decrease or increase 236 in the stomatal area did not translate into significant differences in the linear dimensions of 237 the stomata (i.e., both the stomatal length and the stomatal width did not change under salinity 238 shock), except for the JCAL171 genotype that demonstrated a stomatal width 7% greater than 239 those that emerged after the alleviation of the saline conditions (Table 3) . Regardless of the 240 treatment, the stomatal aperture of the abaxial surface was 6 times higher than that observed 241 in the adaxial surfaces (Table 3 , Fig. 2 ). Despite this, the adaxial stomatal aperture was not 242 significantly affected by salinity shock treatments in any genotypes evaluated. In distinct 243 form, the abaxial stomatal aperture was significantly decreased in CNPAE183 (6%) and 244 JCAL171 (4%), while no significant difference (P = 0.387) was perceived in CNPAE218 in 245 the leaves that emerged after the alleviation of the saline conditions (Table 4) . 246
The ordinary cell density was significantly influenced by the salinity shock. On the 247 adaxial surface, the CNPAE183 genotype showed no change in the density of ordinary cells 248 under salinity, while the JCAL171 and CNPAE218 genotypes showed a respective increase of 249 34% and 17% in the density of the ordinary cells in the leaves that emerged after the 250 alleviation of the saline conditions compared to those before the stress. The abaxial surface 251 varied dramatically from adaxial surface, since the genotype CNPAE183 did not show an 252 alteration of the density of the ordinary cells under salinity, while the genotypes JCAL171 253 and CNPAE218 showed a respective increase of 26% and 9.3% in the density of the ordinary 254 cells in the leaves that emerged after the alleviation of the saline conditions in comparison to 255 those before stress. 256
The stomatal index followed the same behavior as the stomatal density, where the 257 abaxial surface had a stomatal index 3.5 times higher than that observed in the adaxial 258 surfaces (Table 3) . However, the stomatal index was the characteristically less affected by the 259 salinity shock, since it did not demonstrated any significant difference between the means 260 shown in the leaves before and after stress. The genotype CNPAE183 is an exception, which 261 demonstrated a 45% increase in the stomatal index on the adaxial surface of the epidermis, 262 but without a significant increase in the stomatal index at the abaxial surface. 263 264 Discussion 265
It is noteworthy that salinity causes reduced water availability, affecting plant 266 performance, since it interferes with the ionic balance of the cells, causing physiological, 267 anatomic and molecular damages, permanent lesions and cell death [14, 34] . Of these 268 features, foliar abscission and the reduction of stomatal openings are more common strategies 269 utilized by plants to reduce their evapotranspiration [8, 9] . These findings were clearly 270 demonstrated in this paper, where there was a strong reduction in the growth and development 271 of the plants and a strong reduction in the stomatal opening in the order to cope salinity shock. and Eugenia myrtifolia plants subjected to a NaCl solution of 8 dS m -1 for the same exposure 299 time (30 days). In M. communis, no significant changes were observed in the palisade 300 parenchyma, but a decrease in the spongy parenchyma and an increase in the intercellular 301 spaces were observed. In Eugenia leaves, the same anatomical changes were observed. In 302 addition, Eugenia leaves displayed a remarkable increase in palisade parenchyma. These traits 303
in Eugenia plants improve CO 2 diffusion, making it easier for CO 2 to reach the chloroplasts, 304 which have a greater presence in the palisade parenchyma. These alterations can protect and 305 improve the photosynthetic performance in Eugenia plants, especially in a situation of 306 reduced stomatal aperture. Similar anatomical changes were also described by Rouphael, de 307 Micco [40] in Ecklonia maxima grown under saline conditions. In this experiment, salt stress 308 was accompanied by an increase in mesophyll thickness due to an increased in the 309 intercellular spaces. Such anatomical modifications in the leaves of salt-stressed E. maxima 310 plants are consistent with previous findings in the ornamental shrubs M. communis and E. 311
Our results corroborated in great part of those results described above, because the leaf 313 morphology of J. curcas plants affects its morphoanatomy in a similar form in response to 314 salinity shock. The leaves of J. curcas subjected to salinity shock tended to be thicker than the 315 leaves collected before stress. A tendency to increase the leaf thickness with a significant 316 reduction of air spaces can translate into more succulent leaves that provide a smaller path for 317 the CO 2 from the stomatal chamber to the Rubisco carboxylation sites as previously 318 demonstrated for many plant species [41] . Based on this, we hypothesize that J. curcas may 319 reduce its air spaces in the mesophyll as a strategy to mitigate the low gas exchange promoted 320 by the stomata closing and improve photosynthesis, increasing its water use efficiency, as 321 previously reported by others [7, 8, 15 ]. Among the genotypes evaluated in this study, we 322 highlight CNPAE183, which tended to increase the thickness of the mesophyll during the 323 stress time, without a true translation of this thickness in the leaves that emerged after salinity 324 alleviation but, when accompanied by the reduction of the intercellular spaces, may constitute 325 a strategy of this genotype to favor the improve of gas exchanges and diffusion of CO 2 326 through the mesophyll [40] . It is probable that these anatomical variations were caused by 327 exposure to salinity shock in a relatively short time, promoting a more succulent leaves, 328 which are associated with the accumulation of osmotically active solutes to maintain the 329 cellular turgor pressure, mitigating the salt concentration in the mesophyll and minimizing the 330 toxic effects of excessive ion accumulation [42] . 331
During the entire experiment, under salinity shock, the maintenance of calcium (Ca) 332 crystals on the leaves of all the genotypes evaluated was observed, a result that differs from 333 the studies of Melo, da Cunha [35] , which describes the disappearance of the drusen in the 334 leaf mesophyll of J. curcas under salinity. The maintenance of the drusen on the leaf 335 mesophyll as a function of salinity, described in this paper, can be explained by the low 336 duration of exposure to the salt stress (i.e., salinity shock) or by the fact that in this study, the 337 plants were irrigated with Hoagland solution plus NaCl and not only saline water as done in J. curcas during the dry and rainy seasons and identified that in the dry season the leaves had 357 a lower leaf area and higher stomatal density compared to those from the rainy season. In this 358 paper, different genotypes of J. curcas with contrasting salinity tolerance were evaluated for 359 their epidermal ultrastructure, and the genotype CNPAE183 showed stomatal cells with 360 smaller dimensions and a higher stomatal index when compared to the genotypes JCAL171 361 and CNPAE218. Smaller stomata have faster dynamic characteristics [48, 49] , indicating a 362 greater control of the opening of the stomatal pore, a fact that promotes a stomatal 363 opening/closure even with small variations in the physiological conditions. More responsive 364 stomatal cells contribute to an optimization in the mechanism of water use efficiency [47-49] 365 and, when associated with a higher stomatal density, may promote an increase in the 366 photosynthetic capacity and a reduction in the effects of saline stress. In this manner, the 367 epidermal ultrastructural features bring important information about the different mechanisms 368 of stress tolerance, becoming a potential tool in the selection of elite genotypes with improved 369 agricultural qualities [14, 48] . 370 371
Conclusions 372
Salinity tolerance is complex and involves physiological processes, but progress has 373 been made in studying the mechanisms underlying a plant's response to salinity. However, 374 several previous studies on salinity tolerance could have benefitted from improved 375 experimental design. The data from this research suggest that the salt-stressed plants modulate 376 the expansion of stomata differently compared with other epidermal cells, while the cell 377 division processes remain unchanged. However, changes in stomatal area have a more direct 378 effect on the regulation of stomatal conductance and transpiration than do changes in ordinary 379 epidermal cells. Thus, we argue that the genotype CNPAE183 demonstrates indications that it 380
can be considered to be as a promising genotype for future studies of genetic improvement 381 that involve the search for elite genotypes tolerant to salinity. We hope that this paper will 382 provide pertinent information to researchers on performing proficient assays and interpreting 383 the results from salinity tolerance experiments. Table 4 . Stomatal area and stomata aperture in leaves of Jatropha curcas plants subjected to 562 750 mM NaCl in three events (before stress, stressed and after stress). Different upper-case 563 letters denote statistical significance between the means for genotype and time, and different 564 lower-case letters denote statistical significance among the genotypes in the different timeline 565 (P ≤ 0.05, Newman-Keuls test). Asterisks denote statistical significance among the means in 566 the adaxial and abaxial surface in the same stomatal feature, genotype and timeline (P 
